f Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) imaging mass spectrometry (IMS) applied directly to microbes on agar-based medium captures global information about microbial molecules, allowing for direct correlation of chemotypes to phenotypes. This tool was developed to investigate metabolic exchange factors of intraspecies, interspecies, and polymicrobial interactions. Based on our experience of the thousands of images we have generated in the laboratory, we present five steps of microbial IMS: culturing, matrix application, dehydration of the sample, data acquisition, and data analysis/interpretation. We also address the common challenges encountered during sample preparation, matrix selection and application, and sample adherence to the MALDI target plate. With the practical guidelines described herein, microbial IMS use can be extended to bio-based agricultural, biofuel, diagnostic, and therapeutic discovery applications.
M
icrobial metabolites are chemical messages that act as indicators of population density (4, 41, 61) and as cues for cellular differentiation (9, 34, 35, 51, 57) and that commonly have protective roles (6, 36, 44, 47) . Their functional diversity is reflected in their structural diversity, ranging from small molecules and iron scavengers to peptides and lipids. Traditionally, individual microbial metabolites have been targeted using bioactivityguided fractionation. More recent "omics" technologies, such as metabolomics, begin to capture molecules on a global scale, but current mass spectrometry-based approaches do not distinguish between molecules which are always present and molecules with changing spatial distributions, disregarding the spatial localization of the molecules within a phenotype and the multifaceted chemical exchange within and between microbial cell populations (18, 19, 60) .
The development of imaging mass spectrometry (IMS) techniques complements metabolomic approaches by enabling the preservation of molecular localization, yielding insight into the underlying biology. Matrix-assisted laser desorption-ionization time of flight (MALDI-TOF) imaging mass spectrometry (IMS) technology has been applied to molecular pathology for the past 17 years (11, 50, 57) to visualize fundamental disease signatures from biological samples by detecting proteins, peptides (14, 58) , and lipids (43) directly from tissue sections. Most MALDI mass spectrometers are capable of imaging experiments with vendorspecific software and freeware to automate data acquisition and assist in analysis (20, 28) , and other IMS methods are rapidly emerging (56, 64, 71) , thus reaffirming the need for these technologies.
In 2009, we applied MALDI-TOF IMS to study various molecules in the context of interacting microbial colonies (70) , hereafter referred to as microbial IMS. Theoretically, any culturable microbe can be subjected to microbial IMS. To date, our lab has been able to capture chemical information from a wide range of microbes, including terrestrial (31, 34) , freshwater, and marine bacteria (69) as well as amoebae, fungi, and yeast. By providing a spatial snapshot for each observed mass signal, it is possible to directly visualize the metabolic exchange within and among microbial species on various types of agar media, as shown in Fig. 1 .
FIVE STEPS OF MICROBIAL IMS
Culturing-use thin agar. Microbial IMS sample preparation workflow (Fig. 2 ) begins with culturing one or more microbes on agar-based medium directly on top of the MALDI target plate (70) or in petri dishes (18, 34) . The agar is 1 to 1.5 mm thick, equivalent to 10 to 11 ml medium in a standard 10-cm petri dish, and typically contains 1 to 2% agar. The petri dishes are either sealed with Parafilm or placed in a humidity-controlled chamber to minimize dehydration of the thin agar during incubation. Although various media can be used, a medium that we frequently use is yeast extract/malt extract ISP2 (4 g/liter yeast extract, 10 g/liter malt extract, 4 g/liter dextrose, and 1.5 to 2% agar).
The three approaches used to prepare the microbial samples for IMS are (i) pouring agar directly onto the MALDI target plate, (ii) embedding the target plate in agar medium prior to inoculation, and (iii) cutting the microbial colony and surrounding agar directly from the petri dish and transferring it to the target plate (see Video S1 in the supplemental material). Approaches one and two require vigilant sterility, are generally used to study one colony or one interaction per target plate, and occupy the target plate for days or weeks at a time. We currently use approach three, as this approach does not occupy the MALDI plates for long periods of time, increasing sample throughput and allowing numerous samples to be placed onto a single MALDI target for analysis. It is important to photograph the microbes before the matrix is applied in order to correlate the phenotype to the observed chemistry.
Matrix application-saturate the sample. MALDI-TOF mass spectrometry requires matrix, small organic acids that cocrystallize with the sample and absorb the laser energy to assist in desorption and ionization of molecules from the sample surface (21) . The spatial resolution of imaging mass spectrometry is dependent on two main factors, the diameter of the laser beam and the size of the matrix crystals. We have found that using either a 20-or 53-m stainless steel test sieve (Hogentogler & Co., Inc.) (43, 70) to apply matrix is an efficient, low-cost, and robust method to uniformly dry coat and saturate microbial samples (see Video S2 in the supplemental material) with no discernible differences in the quality of IMS data at a spatial resolution of 100 m by 100 m or greater. Microbial IMS is currently unable to resolve single cells.
A 1:1 mixture of 2,5-dihydroxybenzoic acid (DHB) and ␣-cyano-4-hydroxycinnamic acid (CHCA) matrices, sold as Universal MALDI Matrix (Sigma-Aldrich), is used for both positiveand negative-mode microbial IMS. We hypothesize that saturation of the sample with this matrix mixture is crucial for sample adherence and for yielding matrix crystals of sufficient quality to ionize molecules from the sample (see Fig. S2 and the supplemental discussion in the supplemental material). Although CHCA is commonly used for small proteins and peptides and DHB is typically used for carbohydrates and glycopeptides, the mixture has been reliable for the detection of peptides, carbohydrates, lipids, and other metabolic exchange factors from microbial samples.
Dehydration-check for flaking, sample height of about 1 mm. A critical step in microbial IMS is dehydration of the sample at 37°C, which may be followed by storage in a vacuum desiccator. This step ensures that the MALDI mass spectrometer components (the source, mass analyzer, and detector) achieve the vacuum pressure necessary for operation and that the thickness of the dehydrated microbial sample is compatible with the allowed sample height of 0.4 to 1.0 mm. In general, dehydrated microbial samples account for most of the sample height; our desiccated agar is about 100 to 200 m thick, and the contribution of matrix to sample height is at most double the thickness for many of the organisms we have tested.
Variable sample height impacts the mass calibration of a TOF instrument. We typically observe 0.1-to 0.5-Da mass shifts, in agreement with the 100-to 200-m thickness of the sample. Mass measurement in a MALDI-TOF mass spectrometer relies on accurate timing of an analyte molecule traveling from the target plate through the flight tube to the detector, with longer travel paths, such as reflectron mode and longer flight tubes, resulting in larger mass deviances. When high mass accuracy is critical, an internal calibration is possible by spotting microgram amounts of calibrant on the dried agar surface.
During the drying process, sample flaking may occur. The term flaking is used to describe air bubbles, fissures, and partial or complete detachment of the dehydrated sample from the MALDI target plate (see Fig. S1 in the supplemental material), and ways to minimize flaking are discussed later and in the supplemental discussion in the supplemental material. When sample adherence is questionable, the sample should not be inserted into the mass spectrometer.
2D MALDI-TOF IMS-data acquisition. The fundamentals of data acquisition for microbial IMS are identical to those for tissue IMS (11) . The user defines the desired spatial resolution and measurement area using a reference photograph of the bacterial sample on the target, determining the two-dimensional (2D) raster grid. Mass spectra generated at each raster spot are associated with coordinates.
FIG 2
The 5 major steps to obtain a microbial chemotype image are culturing, matrix application, dehydration of the samples, imaging mass spectrometry, and data analysis. Culturing. Three approaches to grow microbial samples for IMS are (a) pouring agar and inoculating directly on the target, (b) embedding the target in agar prior to inoculation and incubation, and (c) culturing the microbe in a petri dish, excising the region of interest, and then transferring it to the target. Matrix application. The sample edges from culturing approach a are tapered toward the target plate, compared to approaches b and c. This will affect the matrix coverage at the edges of the sample; matrix application is depicted for samples prepared via approaches b and c. Universal matrix is applied to the sample as a dry powder using a 20-or 53-m test sieve. The hydration of the agar is sufficient for surface absorption of matrix. Sample dehydration. The sample is dehydrated at an elevated temperature (37°C), and the excess matrix is removed prior to microbial IMS. The sample height should be less than 1.0 mm. Also, the sample is examined for sufficient adherence to the target. Imaging mass spectrometry. User-defined spatial resolution and measurement area generate the x-y raster grid for the imaging run. A MALDI-TOF mass spectrum is collected per raster spot; spectra from the entire measurement area are averaged. Data analysis. False colors are assigned to ions in the overall average mass spectrum and displayed over a photograph of the sample. The interpretation of the ion distributions is the responsibility of the experimenter.
Data analysis and interpretation. After MALDI-TOF spectra are acquired, the signal intensity of a discrete mass across the sample surface can be visualized using a false color superimposed onto a photograph of the microbial sample. These IMS images are composed of pixels, similar to images on a computer or TV screen, where each pixel contains molecular information. By correlating spatial distributions of each molecule with observed phenotypes, putative functions of observed molecules can be assigned and phenotypes undetectable by eye may be revealed.
CHALLENGES IN MICROBIAL IMS
Sample adherence. The primary limitation of microbial IMS is flaking. Flaking occurs (see Fig. S1 in the supplemental material) as a result of the inability of the dried and brittle agar to remain adhered to the target plate, a result which can be due to trapped air underneath the growth medium, insufficient matrix saturation of the sample, use of smooth or polished MALDI target plates, certain medium components (e.g., high salt), and microbial molecules (1, 5, 17, 18, 22, 26, 27, 34, 38, 39, 59, 70) . In some cases, sample flaking does not interfere with instrument operation (Fig.  3B, number 5) ; however, care must be taken to minimize flaking inside the mass spectrometer. While sample adherence is a major obstacle in the microbial IMS workflow, we have found that optimization of the sample preparation can overcome such issues. In Fig. S1 and the supplemental discussion in the supplemental material, we present guidelines and a flowchart with checkpoints to obtain quality microbial IMS images and decrease the risk of sample flaking.
Data interpretation. The challenges in data interpretation for microbial IMS are common to all MALDI-TOF-based IMS. Black holes or areas of no signal may be due to nonuniform matrix coverage or ion suppression, whereas false gradients or signals of regular increasing or decreasing intensities may be due to decreased conductivity, charge buildup or charging (25, 66) , or a combination of factors (Fig. 3) . Charge buildup is recognizable by an optimal signal early in the IMS run and a decreased signal over time (Fig. 3B) . Analysis of multiple microbial samples in a randomized fashion will provide insight into the significance of the gradient signals. Data interpretation is the responsibility of the experimenter who evaluates the causes of patterns and whether they are real or artifacts.
Determining the origin of observed molecules. IMS of dualspecies interactions yields many ions, some of which are detected only upon interaction. Oftentimes, the distribution of the ion of interest is interfacial and the producer is ambiguous. By employing analytical and biological approaches, such as microbial IMS, IMS of multiple time points (67) , traditional solvent extraction, purification, and structural determination methods, such as tandem MS and nuclear magnetic resonance (NMR) (18, 30, 33, 67, 68) , genetics and microbiology, 16S rRNA sequencing (54), established MALDI-TOF protocols (12, 49, 53) , genome mining approaches (7, 13, 15, 45, 63) and predictive programs (2, 3, 16, 33 , 40, 48, 55, 62, 65, 68) , peptidogenomics (31) , and literature and database searches (23, 52) (AntiMarin database, Dictionary of Natural Products, the National Institute of Standards and Technology [NIST] databases, and the SciFinder database), one can typically annotate microbial IMS data. Two main strategies to confirm the producing microbe and the resultant phenotype are genetic knockout and complementation studies or assays with purified compound, in combination with more IMS.
FINAL REMARKS
The microbial metabolic maps from 2D MALDI-TOF IMS serve as a starting point for the identification of microbial metabolites for virtually any culturable microbe. A single metabolite of low abundance can now be detected using IMS analysis due to high, localized concentrations within the preserved 2D phenotype, but annotating the molecules is still a challenge. The microbial interactions can be scaled up and extracted to isolate enough material for further mass spectrometry-guided isolation and subsequent structural characterization with mass spectrometry and NMR (69) . However, this process is inefficient and costly. The challenge of annotating mass spectrometry data also applies to proteomics, metabolomics, and lipidomics. These advanced "omics" tools, even when combined with the power of genome mining, peptidogenomics, and search algorithms, annotate only a small percentage of what are presumably some of the most abundant ions, as observed in an imaged sample (32) , indicating that there are still many opportunities in mass spectrometry to develop novel approaches to identify (ID) molecules (8, 24, 42, 46) . We encourage the scientific community to develop systematic, integrated workflows for handling unknowns in IMS data that may capture more than 50% of the IMS signals. Finally, we hope that this article provides a starting point for researchers and that it encourages other labs to apply microbial IMS to different systems and generate tools to complement this approach to push the boundaries of spatial systems microbiology.
